This study investigates the interaction of compositional effects with the flow behaviour during near-miscible (and immiscible) CO 2 -oil displacements in heterogeneous systems. A series of numerical simulations modelling 1D slim-tube and 2D areal systems were simulated using a fully compositional simulator. A number of grid resolutions for a slimtube model were simulated to choose the proper level of numerical dispersion to mimic the actual physical dispersion. The corresponding 2D cases are based on a small heterogeneous sector model of dimensions 50 m × 10 m, in order that the fine-scale displacement physics can be modelled accurately. We investigated various flow regimes ranging from viscous fingering to channelling displacements within heterogeneous random correlated fields. We found that the reduced recovery is the result of a combination of differences in sweep efficiency associated with the viscous fingering and possible differences in local mixing that affect composition path. At the same time, the unstable phase flow determined by the underlying heterogeneity slows the flow in the unswept area and leads to unequal displacement performance between preferential and non-preferential routes. Specifically, lighter components have moved preferentially in high gas saturation zones, and leaving the heavier components behind in slower flow zones. In the case of channelling flow, compositional effects were less important since the permeability channel dominated the displacement. Both the ultimate oil recovery and component recovery are significantly and about equally reduced, when the underlying heterogeneity is of dominant influence. To summarise, compositional effects can have a very significant impact on the prediction of near-miscible CO 2 EOR projects. Issues such as front stability, local displacement efficiency and formation of fingering/channelling during CO 2 near-miscible displacement can lead to behaviour that is significantly different from immiscible flooding in these systems. The process of mass transfer between CO 2 and oil can be hampered to a certain degree by unstable flow depending on the level of heterogeneity. This leads to a further reduction in component recovery, particularly of the heavier components. The complete dataset and results of this study are available online as a model case example for compositional flows in heterogeneous systems (Wang et al. in "The analysis of compositional effects on global flow regimes in CO 2 nearmiscible displacements in heterogeneous systems" dataset for paper SPE-190273, 2018. https ://doi.org/10.17861 /fc1c9 0bb-9d3f-4a6c-9170-7b7fe 10ec7 b9).
Keywords CO 2 near-miscible displacement · Compositional effects · Flow regime · Finescale simulation 1 Review of Flow Behaviour in a CO 2 -Oil System CO 2 flooding and gas flooding in general have been studied for several decades. For example, Holm and Josendal (1974) discussed and summarised the various mechanisms occurring in CO 2 -oil systems. They described how CO 2 enhances the oil recovery by solution gas drive, swelling of oil, reduction in viscosity and, most importantly, compositional effects, e.g. stripping of hydrocarbons. In their study, the procedures of slim-tube tests became established, and have generally been used to measure the minimum miscible pressure since then. They also investigated the effect of oil constituents on achieving miscibility between CO 2 and oil (Holm and Josendal 1982) . They found that gasoline-range hydrocarbons are particularly efficient in achieving miscibility.
CO 2 flooding and gas flooding in general occur at an unfavourable mobility ratio, which may trigger fingering flow (Stalkup 1983 ). Gardner and Ypma (1984) performed 2D areal simulations to examine the effect of viscous instability in a first-contact miscible (FCM) displacement. They found that transverse mixing between CO 2 in a finger and oil in a neighbouring unswept zone could reduce the local displacement efficiency. This is because oil which has entered a finger due to transverse mixing, encounters fresh CO 2 rather than CO 2 enriched with light elements. Waggoner et al. (1992) analysed the competition between effects of adverse mobility ratio and heterogeneous permeability during FCM displacement. A set of simulations varying mobility ratio and level of heterogeneity was performed to reveal the different sources of fingering and channelling. The distinction between channelling and fingering is that fingering occurs due to viscous instability, while channelling is due to heterogeneity. They found that channelling occurs when the correlation range of the permeability field is of the order of the system length, even with unit mobility ratio. Chang et al. (1994) investigated phase-behaviour effects on finger formation. Their simulations of multiple-contact miscible CO 2 displacement showed that the component transfer between oil and CO 2 causes viscosity contrast and the capillary force to decrease simultaneously. Both effects tended to reduce the growth of fingering in their 2D results. However, due to the limitations of the computational power at that time, the grid resolution (Δx = 12.5 ft.) of their simulations was probably insufficient to fully capture the details of compositional effects. Stalkup (1990) investigated the effects of gas enrichment in reservoir-scale displacements using a compositional simulator with the Peng-Robinson equation of state. His results have shown that the predicted incremental oil recovery due to the gas enrichment is very sensitive to the numerical dispersion, which acts in a similar manner to the physical dispersion. Sorbie and Mackay (2000) investigated the possible scaling issues (not discussed here though) due to the in situ mixing between connate water and the injected water. They claimed that it is important to incorporate the correct level of dispersivity to model a displacement process correctly. Jessen et al. (2004) investigated the effect of the coarse grid on the composition path along a slim tube and the oil recovery in 2D models. Since they did not differentiate the source of discrepancies between the reduced heterogeneity and increased numerical dispersion in their upscaled cases, we believed that it is justified to take a further look at the interplay between compositional effects and global flow regimes (such as fingering and channelling), assuming a certain level of dispersion. As motivated by their studies, we reproduced the dispersion effects through introducing the appropriate level of numerical simulations; however, we fully validate this with numerical tests using actual dispersion. Detailed discussions are presented in subsequent sections of the paper.
In a recent paper, Moortgat (2016) described a series of sensitivity tests on viscous and gravitational fingering accounting for mechanical dispersion, Fickian diffusion, flow rate and heterogeneity. His study focused on the effect of changed viscosity and density on the formation of fingering. He concluded that the fingering flow at near-miscible conditions could be profoundly different from FCM conditions and immiscible conditions presented in earlier studies. However, the details of the compositional effects such as the modified composition path were not included in his study. The effect of component transfer in a multi-dimensional system (such as a real reservoir) is still an issue.
The above review is presented to put the current study into the context of earlier work, which is relevant to the compositional effects occurring in CO 2 displacement. Our survey of the literature indicates that the interactions between global flow regimes and the compositional effects have not been fully investigated, particularly when compositional effects and heterogeneities are both important, such as in near-miscible CO 2 displacement. Therefore, we considered the following questions in this study:
• How do compositional effects interact with the underlying heterogeneity pattern of the flow field, particularly in the flow regimes of fingering and channelling? • What are the overall influences on the local displacement efficiency and the ultimate oil/component recovery? • How can we consistently measure and evaluate the compositional effects, and thus assess the accuracy of simulations using models at different scales and dimensions?
Methodology

1D Slim-Tube
A very fine-scale slim-tube model (i.e. Δx = 0.001 m) was used to demonstrate the process of mass transfer (CO 2 displacing oil). Note that refining the cell size further has negligible influence on the results and therefore we assume it is a dispersion-free process. A tracer analysis (H 2 O* displacing H 2 O) was also performed to determine the proper cell size to introduce a certain level of numerical dispersion, which was used to mimic the realistic physical dispersion in the subsequent 2D analysis. The whole length of the slim-tube simulation model here (50 m) was longer than a conventional slim tube to reduce the possible fluctuations in the numerical results (Fig. 1 ). More importantly, the results achieved in 1D tests can be directly compared to the subsequent 2D tests with the same "well spacing". The porosity and permeability were homogeneous and set to 0.1 and 1 Darcy, respectively (Yellig and Metcalfe 1980; Khabibullin et al. 2017) . Table 1 shows the data for a seven-component light oil with a minimum miscibility pressure (MMP) of 125 bar. This 7-component lumped oil was based on a 34-component oil (see "Appendix 1"), which was provided to us by a sponsor company. In fact, we also tried the typical lumping strategy consisting of 4 pseudo-components, such as CO 2 , CH 4 , C 2-7 and C 8+ to reduce the compositional cost (Orr 2007) . However, we found that the 4-component system in our case is not able to properly reflect an important phenomenon, namely that most of the oil can be stripped but heavy components (such as C20+) may be left behind in slim tube during near-miscible CO 2 displacement (See "Appendix 2"). Therefore, a 7-component system is used here, and the given data in Table 1 are applied to generate the PVT behaviour using the Peng-Robinson equation of state (EOS). The bubble point pressure was 38.5 bar at 53 °C. Oil viscosity was calculated using the Jossi, Stiel and Thodos' correlation with an initial value of 0.16 mPa s (CMG 2017). The relative permeability curves used here are shown in Fig. 2 . Note that a relatively high Sor (to immiscible gas) is chosen here (Sor = 0.33) to give a higher target oil for stripping by compositional 
Fig. 2
Oil-water and gas-oil relative permeability curves effects, and this emphasises the magnitude of compositional effects on oil recovery. At this stage, neither hysteresis/capillary effects nor low-interfacial effects on the relative permeabilities are included in this study. We used adaptive implicit modes which can optimise both the computational cost and simulation stability. This method entails switching from IMPES to a fully implicit formulation in the cells where the global mole fraction exceeds 0.15 (CMG 2017) . The maximum time step is set to 5e−6 day leading to a Courant number of 0.5. We also specified the maximum changes in global mole fraction during Newtonian iterations. If the change of global mole fraction of any component exceeds 0.5, the timestep size is reduced and the timestep is repeated. Note that refining the time step further or reducing the maximum change of global mole fraction made an insignificant change in the results and hence our simulations are essentially fully converged with this numerical control.
2D Areal Models
Lastly, we simulated near-miscible CO 2 displacements for unfavourable mobility ratios in 2D areal random correlated systems. Two heterogeneous permeability fields were generated based on Dykstra-Parsons (V DP ) coefficients (Dykstra and Parsons 1950) and dimensionless correlation ranges (R L ). Model A which had a relatively short correlation length (0.1 of the system length) was generated to trigger possible fingering flow (Fig. 3 ), while Model B had a longer correlation length (of order the system length), thus leading to channelling flow (Fig. 4) . All the other simulation settings, such as the EOS, were taken from the previous slim-tube tests. The injector in our tests was set to inject pure CO 2 at a rate of 0.4 PV/d at reservoir conditions for 2.5 days (1PV in total) and the producer was controlled by setting the minimum bottom-hole pressure. Both wells were horizontal and were perforated along the width of the model. A set of parameters such as the residual oil saturation in representative cells and oil/component recovery were compared between the 1D and 2D tests. 
Results and Discussion
Component and Phase Distribution Along Slim Tube
In order to understand the details of component transfer, we compared the component and phase distribution along a slim tube between immiscible (70 bar) and near-miscible (120 bar) conditions. Two snapshots of the phase and component distributions are taken at 0.6 PVI before CO 2 breakthrough and stacked together as seen in Fig. 5 . At immiscible conditions, limited amounts of light and medium oil components are vaporised into CO 2 . A frontal dry gas bank (mainly methane) was found; this phenomenon has been well analysed in previous studies (Stalkup 1983; Orr 2007) . The dry gas bank flows at a much lower viscosity and overtakes the oil at the front, which may have an adverse effect on the sweep efficiency in reality. Compared with immiscible displacement, more vaporised oil components are present in the gas phase at near-miscible conditions. There is very little oil left behind the displacing front. The remaining oil mainly consists of heavy components (C20-C30 here) and the dissolved CO 2 . In other words, the rest of the oil components have been stripped and recovered. In addition, the resulting gas saturation is much higher at near-miscible conditions due to the vaporised oil components. This effect might further aggravate the instability in multi-phase flow in realistic (multi-dimensional) simulations since the gas is much more mobile than the oil. Note Fig. 5 is presented here to qualitatively show the different level of mass transfer process between immiscible and near-miscible displacements rather than for detailed calculations. For this reason, the details such as the smearing-out of the displacing front are not included.
Composition Path
In the previous section, we analysed the component distribution in all of the cells along the slim tube at one particular time. Here, we consider the component constitutions of a certain cell through the whole injection process. The aim of this part is to track the compositional variations of phases using ternary diagrams to evaluate the compositional effects. The dynamic fluid behaviour of CO 2 displacement with three pseudo components (CO 2 , C1-7 and C8+) is presented. The compositional paths for both oil and gas were investigated for a representative cell (15 m from the injector), at both immiscible and near-miscible conditions. The representative cell selected here was designed to experience the full composition path during 1PV injection, but not to be dominated by CO 2 instantly.
As shown in Fig. 6 , the oil and gas composition can be very similar at the early stage of the contact through the process of mass transfer under near-miscible conditions. The oil composition will be getting heavier again with the process of mass transfer. This is because most of the oil components have been recovered leaving C20+ behind. On the other hand, the stripping effect of the oil components has very limited impact at immiscible conditions. It also explains why most of the medium-to-heavy components are left behind at immiscible conditions along the slim tube. At the same time, the amount of CO 2 dissolution is also limited through the whole injection process at immiscible conditions. At nearmiscible conditions, a greater amount CO 2 dissolution occurs and CO 2 displacement is able to vaporise C1-7 from the oil phase almost completely after 1 PVI. As expected, much higher local displacement efficiency (remaining oil saturation close to 0 in this cell) can be achieved at near-miscible conditions than at immiscible conditions (as seen in Fig. 7 ).
Dispersion in the Model
In the previous section, we investigated the process of mass transfer (reflected by the composition path in a ternary diagram) using a very fine-scale (essentially dispersion-free) slim-tube model. However, in reality, we expect some level of physical (dispersion-like) (Stalkup 1998 ). According to Arya et al. (1988) and Sorbie and Mackay (2000) , the actual level of mixing in reservoirs should be 0.01-2 m at the scale of 10-100 m (50 m here). Here, we assumed a dispersivity (α L ) of 0.025 m (CMG 2017) and performed a tracer simulation (H 2 O* displacing H 2 O) for various cell sizes, with the aim of using numerical dispersions to mimic the physical dispersions.
As seen in Fig. 8 , the results from our finest model (∆x = 0.001 m) with assumed dispersivity (0.025 m) correctly converges with the coarser model (∆x = 0.05 m) with no added dispersivity; recall that the dispersivity should be α = ∆x/2. Hence, the slightly coarser grid (∆x = 0.05 m) will be used to mimic "realistic" (i.e. "reservoir-like") dispersivities for the subsequent 2D analysis. According to Jessen et al. (2004) , the compositional effects can be very sensitive to dispersions, which will disrupt the shock structure and lead to lower levels of local stripping.
We believe that the first steps in upscaling near-miscible oil displacements by CO 2 from the slim tube to a medium-sized grid block scale can be represented by these calculations. That is, some of the effects we model which show the mixing and interaction between fluid flow and the changes in compositional paths should at least qualitatively, be as they occur in reality. One of motivations of this study is to provide input for any potential upscaling methods considering mass transfers. Here, we also present comparison of displacement 
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Remaining oil satura on a er 1PVI performance between models with the cell sizes of 0.001 m and 0.05 m, respectively (Fig. 9 ). As seen in Fig. 9 , the near-miscible displacement is more sensitive (as expected) than the immiscible displacement (discrepancy less than 1% between two immiscible curves). The oil recovery factor after 1 PVI decreases from 96 to 89% under near-miscible conditions. Clearly, the displacement performance has been degraded due to the artificial dispersion. Such effects have been well analysed by Orr (2007) , although they are highly case dependent on the oil composition. Here, we present the composition path of the model with the cell size of 0.05 m, which serves as a reference for the subsequent 2D heterogeneous models. As seen in Figs. 6 (left) and 10 (left), the composition path of immiscible displacement is almost identical for cell sizes of 0.001 m and 0.05 m. On the other hand, there is an observable discrepancy between the gas and oil composition of the coarser-grid model (Δx = 0.05 m) and the finer model (Δx = 0.001 m), particularly at the early contact of the displacement under near-miscible conditions, as seen in Figs. 6 (right) and 10 (right). 
Fingering Flow Regime
Keeping the previous points in mind, we now present results for flow simulations in our 2D "reservoir" system (50 m × 10 m) using heterogeneous correlated random permeability fields with short and long correlation lengths. The shorter-correlation-length (5 m here) system leads to fingering flow whereas the longer correlation length (50 m here) induces channelling flow, as described below. The results from model A (Fig. 3) are presented first. Due to the unfavourable mobility ratios between gas and oil, typical fingering flow behaviour occurs for both immiscible and near-miscible flow. Note that a separate test with the unit mobility ratio on this permeability field presents a fairly stable front without any finger formation. As shown in Fig. 11 , it is not surprising that the oil recoveries in our 2D tests are worse than the slim-tube test. As seen in Fig. 12 , multiple gas fingers (as expected) have been developed under both immiscible and near-miscible conditions. However, the difference in the reduction of the oil recovery under immiscible/near-miscible conditions compared with the slim-tube tests deserves a further analysis. The lowered oil recovery under near-miscible conditions is more than double that under immiscible displacement. We conjectured that the reduced recovery is the result of a combination of differences in sweep efficiency associated with the viscous fingering and possible differences in local mixing that affect the composition path. In order to test our conjecture, two typical areas (i.e. in a non-preferential and a preferential route) were investigated using a similar workflow as the slim-tube tests. We present the composition path of 3 cells in a row (0.5 m between each cell) in each streamline indicated by the black oval shapes.
As seen in Fig. 13 (left) , the compositional path of the selected preferential route is very similar to the slim-tube test with negligible discrepancy. On the other hand (Fig. 13 right) , the later stages of both the oil and the gas composition path are largely missing in the nonpreferential route, which indicates that the journey along the composition path is not complete. In other words, the unstable phase flow determined by the underlying heterogeneity slows the flow in the unswept area and leads to unequal displacement performance between preferential and non-preferential routes. In fact, we believe this is a typical example of how the phase flow interacts with compositional effects.
The component recoveries for the slim-tube and 2D tests are shown in Fig. 14. In the case of immiscible displacement, the reduction in recovery does not vary much with components. On the other hand, there is a greater reduction in the recovery of the heavier components. This is because near-miscible CO 2 displacement relies on a continuous process of mass transfer between gas and oil. Lighter components have moved preferentially in high gas saturation zones, and the heavier components left behind in slower flow zones have not been produced.
Channelling Flow Regime
Due to the dominant heterogeneity in the system with a longer correlation length, typical channelling flow occurs both in immiscible and near-miscible cases, as seen in Fig. 15 . The flow in such a system (dominant channel flow) is quite similar to the flow in a stratified formation, and it leads to early CO 2 breakthrough and very poor sweep efficiency. As a result, the oil recoveries after 1 PVI in our channelling cases are much lower than in the 1D tests under both conditions. Interestingly, the overall sweep of near-miscible displacement is rather worse than the immiscible displacement. This because the significant oil vaporisation during near-miscible displacement increases the gas saturation and therefore leads to more severe channelling flow, which greatly suppresses the crossflow. Therefore, the net result of the decreased sweep but improved local displacement efficiency leads to a very limited recovery improvement, as seen Fig. 16 .
Similar to the previous analysis of the fingering flow, we present the composition path of 3 cells in a row (0.5 m between each cell) in two streamlines, indicated by black oval shapes, i.e. non-preferential and the flow boundary of the channel, respectively. As expected, the composition path of the preferential route (Fig. 17 left) is most similar to the slim-tube test whereas the one at the flow boundary (Fig. 17 right) is much less complete. Unlike the fingering case, the medium-heavy component recovery is not reduced more than the lighter components (Fig. 18) . In other words, compositional effects are less affected in the swept zone, where evident channelling flow occurs. Both the ultimate oil recovery and 
Summary and Conclusions
The central intention of this paper is to study how compositional effects contribute to oil displacement by CO 2 , firstly in a 1D slim-tube model and then in 2D areal heterogeneous models. In the absence of mixing (dispersion), certain shocks are known to occur in 1D multi-component near-miscible displacements of this type as extensively described by Orr (2007) . However, in real systems there is always some level of mixing by various mechanisms, e.g. dispersivity, heterogeneity and viscous fingering. This mixing will disrupt the shock structure, alter phase paths in a slim-tube model and consequently can reduce oil recovery by suppressing component stripping. In the models used in this work, we used very fine grids but with some level of mixing at a "realistic" reservoir scale (α L = 0.025 m). This can be done by using a very small (50 m × 10 m) "reservoir" model. Indeed, the model is more like a medium-sized single grid block and this allows us to use realistic levels of mixing (dispersivities). Using these models, we can compare the phase and component compositional paths observed for a typical grid block in a slim-tube calculation, with those in 2D heterogeneous systems with different permeability structures that exhibit both fingering and channelling flow regimes. The cases of "composition only" in this study provide a baseline for any other mechanism to be imposed, such as interfacial tension effects, gravity and hysteresis (if WAG is applied). Very importantly, the analysis of the dynamic compositional path and component recovery, also leads us to a new workflow and criteria to measure the potential discrepancies between the laboratory-scale phenomena and reservoir behaviour (or simply between different scales). This is especially relevant when both compositional effects and heterogeneity are important, such as in near-miscible CO 2 displacement. In forthcoming papers (Wang et al. 2019a , b), we will significantly extend this work to consider water-alternating gas (WAG) displacements including IFT (film flow) effects. Here, by comparing simulations of oil displacement by CO 2 in these different 2D systems, we make 3 observations of how the compositional effects interact with the flow regimes.
1. The composition path in the 2D areal system does not follow the same composition path as in the slim-tube tests, particularly in the later stages. Various types of mixing such as dispersivity (substituted by numerical dispersions here), heterogeneity and viscous fingering can slow the process of component stripping and thus lower the displacement efficiency. In particular, heavier component recovery is more likely to be influenced in typical flow fingering regimes. 2. Compositional effects are of much less importance when channelling flow occurs. The strong oil vaporisation can further aggravate the flow channel in our case and therefore suppress crossflow. The net result of the decreased sweep but improved local displacement efficiency leads to a very limited recovery improvement. 3. Assuming a certain level of mixing, a 1D slim-tube test is able to represent a preferential flow route (well-swept area) in a multi-dimensional system regarding the local displacement efficiency for the same amount of injection. However, the overall displacement performance is highly dependent on the interaction of fingering/channelling flow, crossflow, and compositional effects.
Fluid characterisation. 
Appendix 2
Oil saturation along the slim-tube after 1PVI, for the near-miscible case, varying the number of components.
